Magnetization dynamics of a bilayer structure in the presence of a spin-transfer torque is studied using an atomistic model coupled with a model of spin accumulation. The spin-transfer torque is decomposed into two components: adiabatic and nonadiabatic torques, expressed in terms of the spin accumulation, which is introduced into the atomistic model as an additional field. The evolution of the magnetization and the spin accumulation are calculated self-consistently. We introduce a spin-polarized current into a material containing a domain wall whose width is varied by changing the anisotropy constant. It is found that the adiabatic spin torque tends to develop in the direction of the magnetization whereas the nonadiabatic spin torque arising from the mistracking of conduction electrons and local magnetization results in out-of-plane magnetization components. However, the adiabatic spin torque significantly dominates the dynamics of the magnetization. The total spin-transfer torque acting on the magnetization increases with the anisotropy constant due to the increasing magnetization gradient.
I. INTRODUCTION
The ability to manipulate the magnetization in a domain wall (DW) using a spin-polarized current has significant potential for novel spintronic devices and has attracted considerable attention from both experimental and theoretical researchers since its first introduction by Berger [1] and Slonczewski [2] . The spin-transfer torque resulting from the exchange interaction between the conduction electrons and the local magnetization is an important phenomenon with potential applications as spin-torque oscillators for telecommunications applications, in DW-based magnetic devices such as racetrack memory [3, 4] , and in the switching of magnetic random access memory (MRAM) elements [5, 6] . It provides an exciting technological advance, coupling fast speed, nonvolatility, and low power requirements [7] [8] [9] . The physics of the spin-torque phenomenon can be described in terms of a spin accumulation, which interacts with the local magnetic moments via a quantum mechanical exchange interaction. The mechanism of spin-transfer torque in slowly varying magnetization, i.e., a domain wall, can be theoretically described by considering the spin current carried by the conduction electrons into the magnetic domain wall. The spin-transfer torque arising from the s-d exchange interaction acts on the spin current to adiabatically align it in the direction of the local magnetization. Simultaneously, a reaction torque proportional to the spin current density is created on the local magnetization within the DW. For sufficiently high spin current density, the spin injection causes the magnetization reorientation, resulting in the DW motion in the direction of conduction electron flow.
The spin-transfer torque can be decomposed into adiabatic and nonadiabatic contributions. The former, known as the Slonczewski torque, accounts for the conduction electrons' following the direction of local magnetization whereas the latter occurs with a rapid change in the magnetization, which has been explained by spin mistracking, momentum transfer, or spin-flip scattering [10] . In general, the nonadiabatic torque is * phanwadeec@gmail.com assumed to be much weaker than the adiabatic torque [11, 12] . The magnitudes of the adiabatic and nonadiabatic torques strongly depend on the DW width, which is determined by the anisotropy constant and exchange interaction of the material. The DW width becomes a significant factor for the spin-torque efficiency due to the fact that for a material with high anisotropy the resulting strong magnetization gradient within the DW subsequently gives rise to a high DW velocity. Therefore, the materials with a large anisotropy, which in turn allow a low current density to initiate DW motion, are promising candidates for the application in spintronic devices.
Spin torques are generally introduced into micromagnetic models via adiabatic and nonadiabatic terms proportional, respectively, to coefficients μ x and β x [11, [13] [14] [15] . The magnitudes of both coefficients are generally taken as (unknown) constants (i.e., spatially independent) in the usual formalism and their magnitude is still a matter of discussion. Interestingly, a recent study by Claudio-Gonzalez et al. [11] has demonstrated that the magnitude of these coefficients strongly depends on the spatial variation of the magnetization gradient giving rise to the nonuniform behavior throughout the layer. This results in the divergence of the coefficients at positions with small gradient of magnetization. To avoid the consequent nonphysical behavior of the empirical constants μ x and β x Claudio-Gonzalez et al. [11] evaluated an effective nonadiabatic coefficient β diff providing the description of nonadiabatic torque by averaging |∂M/∂x| 2 with a weight function. In our recent work [16] , the spin-torque coefficients are calculated directly from the spin accumulation. The results show that the dynamic micromagnetic approach based on adiabatic and nonadiabatic terms with constant coefficients is valid only for systems with slow spatial variations of the magnetization.
In the present work, we calculate the spatial spin-transfer torque within the DW directly from the spin accumulation based on our recent work in Ref. [16] instead of calculating from the conventional model [11, [13] [14] [15] through the spintorque coefficients, which are unknown. Spin accumulation naturally includes the effect of both adiabatic and nonadiabatic torques. This provides the new route of spin-torque calculation to get insight into the physical description behind the mechanism of current-induced domain wall motion and avoids various limitations of the conventional model in estimating the empirical constants, i.e., μ x and β x . Using this approach we have investigated the DW motion driven by the spin torque using the self-consistent solution of the spin accumulation and magnetization coupled with atomistic model. We find that the DW displacement and initial DW velocity strongly depend on the strength of the magnetocrystalline anisotropy and current density, and that the adiabaticity of the spin torque is dependent on the domain wall width.
II. METHODOLOGY
To investigate the domain wall motion driven by injecting spin-polarized current, the generalized spin accumulation model coupled with atomistic model is employed. Semianalytical solution of spin accumulation is applied to a series of layers representing the spatial variation of the magnetization in a domain wall to calculate the spin torque at any position of the system. Meanwhile, the atomistic model is used to investigate the dynamics of magnetization caused by spin torque. These two models are detailed in the following.
A. Spin accumulation model
The spin-transfer torque originating from the spin accumulation can be described via the s-d exchange interaction model [13, 16, 17] . The s-d model has been used to present a qualitative description of current-induced torque acting on spin moment. The exchange energy due to the interaction of the spin accumulation and the local spin moment is conventionally described by the Hamiltonian given by
where m denotes the spin accumulation. S is the unit vector of the local spin moment and J is the exchange coupling strength between the spin accumulation and the local spin moment. To investigate the spin accumulation in the ferromagnet for any arbitrary direction of the spin moment, the general solution of the spin accumulation based on a transfer matrix approach as detailed in Ref. [16] will be employed.
In the rotated basis systemb 1 ,b 2 , andb 3 , the component of spin accumulation is parallel and perpendicular to the local spin moment. The longitudinal component will be parallel tô b 1 and the two components of the transverse spin accumulation along the directionsb 2 andb 3 . The general solution of spin accumulation can then be expressed in the following form
Here λ sdl is the spin diffusion length, λ trans is the transverse damping and D 0 the diffusion constant. m (0), u, and v are constants, which can be obtained by imposing continuity of the spin current at the interface. The spin accumulation in the rotated basis system can be expressed in the Cartesian coordinate system by using a transformation matrix [16] .
The effect of the spin torque can be considered as an additional effective field arising from the s-d exchange interaction between the local spin moment and the spin accumulation, given by
B. Atomistic spin model
We model the magnetization dynamics induced by the spintransfer torque using an atomistic spin model coupled with the spin accumulation. The energetics of the system are described using a classical spin Hamiltonian with the Heisenberg form of the exchange interaction [18] written as
where J ij is the nearest-neighbor exchange integral between spin sites i and j , S i is the local normalized spin moment, S j is the normalized spin moment of the neighboring atom at site j , k u is the uniaxial anisotropy constant, e is the unit vector of the easy axis, and |μ s | is the magnitude of the spin moment.
The parameters of the model are representative of Co with a simplified simple cubic discretization, with an interatomic exchange energy J ij = 11.2×10 −21 J/link and μ s = 1.44μ B at 0 K.
The demagnetizing field is calculated at the micromagnetic level using the macrocell approach [18, 19] . Each macrocell contains a predefined number of atomic unit cells and the net magnetization within the cell is determined by the average of the atomic spins in the cell. Macrocell moments (k,l) then interact using the dipole-dipole interaction including the selfdemagnetizing term [18] given by
where
S i is the vector of the magnetic moment in the macrocell site l, which is found from the summation of spin moments in the macrocell l, μ 0 is the permeability of free space, V is the volume of the macrocell, r kl is the distance and r kl the corresponding unit vector between macrocell sites k and l, and n atom is the number of atoms in each macrocell. The self-interaction term in Eq. (5) neglects the configurational anisotropy of the (cubic) macrocells. We approximate the dipole field as constant over the cell κ containing spin i. The effective local field acting on spin i is therefore given by
The dynamics of the spin system under the action of the spin-transfer torque can be modeled using the standard Landau-Lifshitz (LL) equation of motion with the inclusion of an additional spin-torque field (J sd m) [13, 20, 21] as follows:
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For convenient numerical integration, we cast Eq. (7) into the Landau-Lifshitz-Gilbert (LLG) form, giving the final equation of motion
where γ is the absolute gyromagnetic ratio, λ = 0.1 is the intrinsic Gilbert damping constant applied at the atomic level, S is the normalized spin moment, and H eff is the effective field given by Eq. (6). The local effective field H eff leads to damped precessional motion into the direction of the local effective field. Interestingly, the additional field due to the presence of the injected spin current J m gives rise to the contribution of adiabatic and nonadiabatic torques. This term describes the spin-torque effect on the spin motion and indicates that the additional field due to the spin-transfer torque can be another source of precession and damping [22, 23] . We note that all simulations are done without thermal fluctuations, that is, at zero K using the VAMPIRE software package [18] .
C. Spin-torque calculation
To calculate the adiabatic (AST) and nonadiabatic spin torques (NAST), let us consider the rotated basis system where the local spin moment in the current layer (S) is along thê b 1 direction whereas that in the previous layer is oriented in the planeb 1b2 . The spin moment in the previous layer can be rotated into the basis coordinate system as illustrated in Fig. 1 , S p = S p b 1 + S p⊥b2 , by using the transformation matrix given by
and the transformation matrix is as follows 
where [S basis ] and [S global ] are the spin moments in the basis coordinate system and in the global coordinate system respectively. S x ,S y , and S z are the x, y, and z components of spin moment in the current layer, respectively.
In the basis system as shown in Fig. 1 , the adiabatic and nonadiabatic torques can be determined from the total spin torque τ ST via the s-d exchange interaction as follows
In general, the AST is the in-plane torque whereas the NAST is introduced as the fieldlike torque or the out-of-plane torque. Therefore, the spin moments in the rotated basis system as illustrated in Fig. 1 results in the AST and NAST along the directions ofb 2 andb 3 , respectively. As a consequence, the AST and NAST in the rotated basis system are given by
The above equation shows that the AST and NAST can be accessed directly via the spin accumulation. Subsequently, the dynamics of spin motion including the effect of the spintransfer torque can be investigated by employing Eq. (8).
III. CURRENT-INDUCED DOMAIN WALL MOTION
In this work we investigate the dynamics of the magnetization in a bilayer system consisting of two ferromagnets (FMs). The current-induced domain wall motion is studied by injecting a spin current perpendicular to the plane of the bilayer. In this computational study, the investigation is presented in two sections. First, the effect of the spin-transfer torque on the DW dynamics is studied, followed by an investigation of the time evolution of DW displacement and DW velocity. Furthermore, the effect of the current density (j e ) is also studied by injecting currents with different magnitudes. This allows the investigation of the critical current density which is the minimum spin current required to move the domain wall. Second, the effect of the DW width on the time evolution of the DW displacement and DW velocity is considered.
A. Time evolution of magnetization and spin torque
The system consists of a bilayer structure with a pinned layer (PL) providing a spin-polarized current (which is not modeled explicitly) and a free layer (FL) with dimensions of 60 nm×30 nm×1.5 nm. In order to calculate the spin accumulation and spin torque the system is discretized into macrocells 1.5 nm×1.5 nm×1.5 nm in size. The magnetic moment in each macrocell is then calculated by averaging over the spins within the cell. The pinned layer is not considered explicitly; its role is simply to provide a spin-polarized current through the layer under investigation. A domain wall is forced into the free layer by fixing an antiparallel magnetization configuration at the boundaries of the system as illustrated in Fig. 2 . The DW profile is transverse in the xy plane. The studied system is based on a material with a uniaxial anisotropy constant of k u = 2.52×10 6 J/m 3 ≡ 2.7×10 −23 J/atom with the y direction as the easy axis and a lattice constant of a = 3.49Å. The transport parameters of Co used in spin accumulation calculation are taken from Ref. [21] as the following values, β = 0.5,β = 0.9, D 0 = 0.001 m 2 /s, λ sdl = 60 nm, and λ J = 3 nm. We first investigate the effect of the spin-transfer torque on the domain wall motion by introducing a current density of 50 MA/cm 2 into the bilayer system. The current-induced domain wall motion can be observed through the components of magnetization. Figure 3 shows the time evolution of the magnetization after the application of the current induced by the spin-torque. In the absence of the spin-transfer torque at t = 0 ns, the DW is situated centrally and the position of the DW center is defined by the maximum magnetization of the x component and zero of the y component. In interpreting the numerical results it is necessary to stress that the DW can initially move freely but, due to the finite system size, after some time interacts with the strong pinning sites at the boundaries, which are used to inject the DW into the system. The DW initially moves when the spin current is injected above the critical value. The DW has a translational motion to the right, which is the direction of the injected current and it tends to stop moving at the equilibration time t = 0.6 ns with a finite DW displacement, as expected given its interaction with the boundary pinning sites. Specifically, a small out-of-plane or z component develops during the propagation time. Its appearance comes from the fact that the domain wall interacts with the strong pinning site. This is evidence of DW deformation due to interaction with the pinning site. The DW deformation and the occurrence of z component exhibited in this study are in good agreement with the recent experimental and theoretical studies [24] [25] [26] .
We next consider the time variation of the spin-transfer torque via self-consistent solution of the magnetization and spin accumulation, naturally including the adiabatic and nonadiabatic torques, to understand its dependence on the magnetic structure and its time evolution. The x and y components give the adiabatic torque, which tends to develop towards the direction of magnetization. On the other hand the z component arises from the contribution of the nonadiabatic torque, which acts out of the plane. The spin torque acting on the local magnetization due to the spin-polarized current results in the translation of the DW. As a consequence, the spatial spin torque at different times as illustrated in Fig. 4 reflects the spatial magnetization configuration of Fig. 3 , which is translated due to the spin torque. It is found that the motion ceases after 0.6 ns as the DW contacts with the boundary pinning sites. In addition, in this case the magnitude of the adiabatic and nonadiabatic torques remain constant with time and the domain wall width is not significantly affected as the wall contacts the boundary pinning sites, suggesting that the spin current density of 50 MA/cm 2 is not high enough to distort the pinned DW.
B. DW displacement and velocity
We next consider the effect of the current density on the domain wall motion. This leads to the investigation of the critical spin current density (j e ), required to initiate domain wall motion and also spin-torque driven oscillations of the magnetization of the DW fixed at the strong boundary pinning sites. It is first noted that the calculation in this section observed the domain wall motion in the bilayer system with the anisotropy constant of k u = 2. Fig. 5 (top panel) . The DW displacement is monitored by observing the shift of the DW center from the initial position at each time step. It can be seen that the DW displacement is time dependent and increases linearly in the first time period before reaching a steady state with finite displacement due to the interaction with the boundary pinning sites [24, 27, 28] . The equilibration time of DW displacement tends to decrease with increasing spin current density, consistent with the increased DW velocity.
To describe the behavior of the DW displacement with different regimes of the current density, it is important to consider the critical current density, which can be evaluated through the initial DW velocity. The initial velocity is calculated by determining the rate of change of the DW displacement in the first 0.1 ns as the DW shows uniform translational motion during that period. The relation between the initial DW velocity as a function of the current density is plotted on a semilogarithmic scale in Fig. 5 (bottom panel) . It is found that the critical current density is 0.5 MA/cm 2 . This behavior is also found in the previous studies [26, [29] [30] [31] [32] [33] .
On increasing the current density above the critical value, the domain wall moves uniformly without any precession along the direction of the injected spin current. This motion induced by the spin current is due to the conservation of the angular momentum. At high spin current density, the domain wall motion is accompanied by oscillatory behavior, which tends to be observed with a high current density over 100 MA/cm 2 . Interestingly, at extremely high values of current density j e = 1000 MA/cm 2 , the DW reaches the boundary inning sites and the translational motion stops. At this point the dynamic behavior of the DW is becomes oscillatory, exhibiting a stable precessional state around a finite wall displacement [27] . At equilibrium, the DW displacement oscillates at a high frequency of 300 GHz since the pinned DW essentially acts as a spin-torque oscillator. This also implies the appearance of an out-of-plane component of magnetization resulting from the nonadiabatic torque, consistent with the previous studies [34, 35] . Our result with the current density of j e = 1000 MA/cm 2 yielding the initial velocity at approximately 200 m/s is in good agreement with the analytical results of the one-dimensional (1D) Walker ansatz model in Ref. [36] where the domain displacement at equilibrium is about 18 nm. However, the oscillatory behavior cannot be observed in 1D model because the effect of nonadiabatic spin torque is not taken into account.
In order to understand the origin of the oscillatory behavior, the magnetization component at the initial DW center is investigated in its time evolution after the introduction of the spin-transfer torque. Figure 6 clearly shows that the spin-transfer torque causes the deformation of the DW leading to precessional motion of the x and z components. This is the precession of the equilibrium magnetization about the effective field determined by the interaction with the pinning site. The nonadiabatic torque driving the DW in the stable precessional state is strong enough to deform the Néel wall so as to have a significant out-of-plane component, which results in the oscillatory behavior. The domain wall motion accompanied by the precessions due to the nonadiabatic torque has been confirmed by recent studies [ 10,25,27,35,37] . Interestingly, the observed oscillatory motion of the domain wall for large current is similar to the behavior of domain walls at currents above the Walker threshold.
IV. CURRENT-INDUCED DW MOTION: EFFECT OF THE DOMAIN WALL WIDTH
We now turn to the effect of the domain wall width on the magnetization dynamics. This is investigated by introducing a spin-polarized current into a bilayer system containing a domain wall whose width is varied by changing the anisotropy constant. The domain wall profile with different anisotropy constants can be seen in Fig. 7 . The magnetization is allowed to vary continuously throughout, constrained by pinning sites at the boundaries. The width of the domain wall is varied by increasing the uniaxial anisotropy constant to investigate the influence of the magnetic anisotropy on the spin-transfer 
A. DW displacement and velocity
First, a spin current with the density of 50 MA/cm 2 is injected into the bilayer system along the x direction in order to observe the manipulation of the magnetization within the DW with different anisotropy constants. The magnetization configuration after the introduction of the spin current for 1 ns is illustrated in Fig. 8 . It shows that the DW motion is initiated after injecting the spin current into the system. The center of the domain wall moves from the initial position along the direction of the spin current. The system with high anisotropy is easily displaced due to a larger gradient of magnetization within the DW giving rise to a high magnitude of spin torque acting on it. Interestingly, the DW center position of the system with the anisotropy constant of k u is unchanged. This implies that the density of spin current injected to the system is below the critical value, which depends on the DW width [38] [39] [40] . In addition, the out-of-plane component is likely to be large for high anisotropy. Furthermore, it is also worthwhile to observe the dynamic behavior of the DW motion via the DW displacement and the initial DW velocity. As illustrated in Fig. 9 (top panel) , the DW displacement is not noticeable for a very wide wall, specifically for uniaxial anisotropy constants of k u and 2k u . The DW exhibits transient oscillatory behavior back to it initial position. Hence, higher spin current density is needed in order to initiate the translation of DW for these cases. On the other hand, displacement of the narrow DW tends to be more easily initiated than the wide DW. This is because of the strong interaction between the spin current and the local magnetization gradient within the DW giving rise to a large spin-transfer torque. For a low anisotropy, the linear response of the DW displacement occurs in the first 0.1 ns and then reaches the equilibrium state after reaching the boundary pinning sites. For a high anisotropy, the DW displacement deviates from linear behavior and the precessional motion is enhanced for several cycles in the first ns before reaching the equilibrium state. The deviation from the linear behavior in the first period becomes stronger for higher anisotropy. In the case of this spin current density, the stable precessional state is not established as the current density is not high enough to push the DW against the boundary pinning sites.
Finally, we consider the initial DW velocity as a function of the DW width. Clearly the initial DW velocity depends sensitively on the DW width as can be seen in Fig. 9 (bottom panel). The initial DW velocity decreases with increasing DW width as a result of the decreasing magnetization gradient. The similar result has been shown in Ref. [41] . This relation can be used to evaluate the critical DW width for each spin current density. The current density of 50 MA/cm 2 is able to move a DW along the direction of the injected spin current in case of the DW width less than 11.2 nm.
B. Spin-transfer torque
We now consider the spin-transfer torque consisting of adiabatic (AST) and nonadiabatic (NAST) components. As mentioned before, the total spin-transfer torque is mainly contributed by the AST resulting from the spin accumulation component following the direction of the local magnetization whereas the out-of-plane torque comes from the NAST arising from the electron mistracking. The strength of the spin-transfer torque on the DW can be represented by considering the maximum value occurring at any position over the DW region given that its contribution is nonuniform throughout the DW. In addition, the degree of nonadiabatic torque or the so-called nonadiabaticity (D NAST ), which characterizes the relative influence of the NAST on the DW compared with the AST, is also evaluated by the following equation,
|NAST max | and |AST max | are the maximum value of adiabatic and nonadiabatic torques within DW. Clearly, as shown in Fig. 10 , both adiabatic and nonadiabatic torques tend to be more effective in narrow domain walls due to the large gradient of the magnetization. It can also be seen that the nonadiabaticity factor becomes more significant for a small DW width. This is schematically shown in Fig. 10 . In contrast, the pure adiabatic torque is likely to dominate the total torque, with negligible nonadiabatic torque, for a large DW width. This is consistent with previous studies [14, 41, 42] . The results also indicate that the nonadiabatic torque, which is represented by the value of β used in the micromagnetic approach is directly dependent on the DW width. In the case of δ λ sdl , the nonadiabatic torque becomes significant to the system.
V. CONCLUSION
In this work we have applied the modified formalism of spin accumulation with an atomistic spin model to study the dynamics of a DW in the presence of a spin-transfer torque. The model uses a transfer matrix approach to determine directly the equilibrium spin accumulation avoiding the need for computationally expensive time stepping of the equation of motion. Domain wall dynamics under the influence of a spin-polarized current are studied by self-consistent calculations of the spin accumulation and magnetization. The spin accumulation is calculated in a rotated basis, which gives access to both the adiabatic and nonadiabatic contributions to the spin torque, which arise naturally in the model. The total spin torque contributed by adiabatic and nonadiabatic torques at any position within the DW is considered. The results indicate that both torques are inversely proportional to domain wall width. Furthermore, it is found that the adiabatic torque dominates the total spin torque; meanwhile the nonadiabatic torque controls the out-of-plane component of spin torque. The dependence of spin torque on the DW width is consistent with the proportionality of the spin torque to the gradient of the magnetization. However, it is important to note that the selfconsistent solution of spin accumulation and magnetization leads to a further contribution to the effect of the DW width. Specifically, we show that the adiabatic and nonadiabatic components of the spin torque reduce with increasing DW width relative to the spin diffusion length, which becomes an important characteristic length in the calculation of the spin torque. Both components decrease at different rates, with the result that the nonadiabaticity factor, indicative of the relative strength of the nonadiabatic torque, tends to decay to zero as the DW width increases. Our results show that materials with high anisotropy such as FePt giving rise to narrow domain wall are more effective for data storage application involving DW propagation, such as racetrack memories [43] , due to the enhancement of high spin-transfer torque. We also conclude that the spin torque is strongly dependent on the spin diffusion length, which is an important factor in materials design.
